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COMPACT, THERMALLY STABLE
MULTI-LASER ENGINE

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional

Application No. 61/042,652, filed Apr. 4, 2008, which 1s
incorporated herein by reference 1n 1ts entirety.

BACKGROUND

1. Field

This disclosure generally relates to optical (e.g. fluores-
cent, spectroscopic) analysis of flow cells, and to, for
example, compact, thermally stable multi-laser systems con-
figured to couple to flow cells and to provide illumination
thereto.

2. Description of Related Art

Optical analysis of flow cells, such as laser-induced fluo-
rescence, mvolves 1lluminating biological samples with laser
light 1n order to test samples which may, for example, be
tagged with fluorescent dyes. Fluorescent dyes absorb light at
certain wavelengths and 1 turn emit their fluorescence
energy at a different wavelength. This emission can be
detected to ascertain properties of the fluid 1n the flow cell.
Existing systems for fluorescent analysis of flow cells, how-
ever, sulfer from various drawbacks, such as measurement
eITor.

SUMMARY

Embodiments described herein have several features, no
single one of which 1s solely responsible for their desirable
attributes. Without limiting the scope of the invention as
expressed by the claims, some of the advantageous features
will now be discussed brietly.

Various embodiments described herein provide the ability
to perform optical measurements on tlow cells while address-
ing some ol the drawbacks encountered with conventional
approaches, such as laser beam alignment to the tlow cell that
1s sensitive to the ambient temperature resulting in signal
power fluctuations.

A wide range of embodiments are disclosed. Some
embodiments, for example, comprise a compact, thermally
stable multi-laser system. The multi-laser system comprises a
plurality of lasers. The plurality of lasers outputs a plurality of
respective laser beams. The system further comprises a beam
positioning system. The beam positioning system 1s config-
ured to position the plurality of laser beams closer together.
The multi-laser system further comprises beam focusing
optics. The beam focusing optics are configured to focus the
plurality of laser beams. The multi-laser system further com-
prises a thermally stable enclosure. The thermally stable
enclosure encloses the plurality of lasers, the beam position-
ing system and the beam focusing optics. The thermally
stable enclosure 1s configured to thermally and mechanically
couple to a flow cell. The thermally stable enclosure substan-
tially comprises a material with high thermal conductivity of
at least 5 W/(m K). The thermally stable enclosure has a
volume of no more than 36 cubic inches. The system further
comprises a temperature controller. The temperature control-
ler 1s configured to control the temperature of the thermally
stable enclosure and to maintain the alignment of the focused
laser beams to the tlow cell over a range of ambient tempera-
tures. Other embodiments are also disclosed.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings and the associated descriptions are
provided to 1llustrate embodiments of the present disclosure
and do not limait the scope of the claims.

FIG. 1 depicts a multi-laser system for performing optical
measurements on flow cells.

FIG. 2 depicts the front view of the system of FIG. 1.

FIG. 3 depicts the side view of the system of FIG. 1.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Although certain preferred embodiments and examples are
disclosed herein, inventive subject matter extends beyond the
specifically disclosed embodiments to other alternative
embodiments and/or uses of the inventions, and to modifica-
tions and equivalents thereof. Thus, the scope of the mnven-
tions herein disclosed 1s not limited by any of the particular
embodiments described below. For example, 1n any method
or process disclosed herein, the acts or operations of the
method or process may be performed in any suitable sequence
and are not necessarily limited to any particular disclosed
sequence.

For purposes of contrasting various embodiments with the
prior art, certain aspects and advantages of these embodi-
ments are described. Not necessarily all such aspects or
advantages are achieved by any particular embodiment. Thus,
for example, various embodiments may be carried out 1n a
manner that achieves or optimizes one advantage or group of
advantages as taught herein without necessarily achieving
other aspects or advantages as may also be taught or sug-
gested herein.

In order to perform testing of biological samples, tlow cells
are 1lluminated with laser beams. Fluorescent dyes absorb
light at certain wavelengths and 1n turn emait their fluores-
cence energy at a different wavelength. This emission can be
detected to ascertain properties of the fluid 1n the flow cell.
Temperature variations may cause the wavelength and/or the
intensity of light output by the lasers to vary. Such vanations
in the laser beams directed into the flow cell may cause
fluctuations 1n output fluorescent signals, which may intro-
duce maccuracy 1n the optical measurements. Temperature
variations and/or temperature gradients also may cause
movement of the optical elements and resultant shifting of the
laser beams. These pointing errors may cause the laser beams
to deviate from the flow cell, such that the signal changes, or
1s altogether lost, again introducing inaccuracy in the test
results.

Temperature variations can result from ambient tempera-
ture fluctuations. Accordingly, reducing the temperature
variation of and the presence of temperature gradients within
the laser beam system can improve the accuracy and usability
of the test results.

Various embodiments described herein may address one or
more of these problems. FIG. 1 1s a top view of a multi-laser
system 100. The multi-laser system 100 depicted comprises a
thermally stable enclosure 150 configured to mechanically
and/or thermally couple to a flow cell 132. The thermally
stable enclosure 150 helps to 1solate the laser and optics
within the enclosure 150 from the ambient environment,
which may have varying temperature. In some embodiments,
the enclosure 150 can achieve thermal stability through the
use ol a temperature controller, as discussed 1n relation to
FIG. 2 below. In various embodiments, the enclosure 150
helps reduce variations in the temperature of the various
components of the multi-laser system 100. By maintaining
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the temperature within the enclosure within a relatively small
range, thermally induced laser wavelength and intensity fluc-
tuations as well as pointing instabilities ol the laser beams can
be reduced or minimized. Accordingly, the use of a thermally
stable enclosure 150 may help achieve more accurate test
results.

In some embodiments, the temperature across the enclo-
sure may be stable over time and with changes in the
ambient temperature. The constant temperature over
time may help with long term system performance. For
example 1f the enclosure temperature were to change
with time, then the system performance would also
potentially degrade with time. This could eventually
result in servicing the system, e.g., to realign the system.

The thermally stable enclosure 150 comprises a material

with high thermal conductivity. In some embodiments, a
material with thermal conductivity of at least about 5 W/(m
K), (e.g., between about 5 W/(m K) and about 2000 W/(m K))
1s used. In some embodiments, a material with thermal con-
ductivity at least about 50 W/(m K) (e.g. between about 50
W/(m K) and about 2000 W/(m K)) 1s used. In other embodi-
ments, a material with thermal conductivity of about 375
W/(m K) or greater 1s used. In other embodiments, a material
with thermal conductivity of at least about 380 W/(m K) 1s
used. The use of such thermally conductive material helps
ensure a relatively reduced temperature variation within the
enclosure 150, even when the ambient temperature outside of
the enclosure varies relatively widely.

Some materials expand and contract when heated or
cooled. Changes 1n the enclosure temperature or tem-
perature variations across the enclosure can result 1n a
change 1n the relative positions of lasers, mirrors, lenses
and flow cell. Some lasers exhibit beam pointing that 1s
temperature dependent. This may be due 1n part to the
fact that different materials are used 1n the construction
of the laser, (metals, glass, adhesives etc). The different
materials may have different thermal expansion coetfi-
cients which may cause beam deviations when the
laser’s temperature 1s changed. Some mirror and lens
systems also show some temperature dependence for the
same reason.

As described more fully below, a temperature controller 1n
thermal contact with the enclosure adjusts the tempera-
ture of the enclosure 1n response to variations in ambient
conditions. A highly thermally conductive enclosure
cnables the temperature controller to more quickly and

cifectively maintain the enclosure and system tempera-
ture without temperature gradients 1n response to such
variations in ambient conditions. A variety of thermally
conductive materials can be used (e.g. copper, alumi-
num, copper tungsten, ceramics, epoxy, etc.). In some
embodiments, a material with a thermal conductivity of
at least 5 W/(m K) may be used. In other embodiments,
a material with a thermal conductivity of less than 5
W/(m K) may be used. The thermally conductive mate-
rial can be used to form the entire enclosure, or merely a
portion thereof. In certain embodiments, the enclosure
substantially comprises highly thermally conductive
material. For example, highly thermally conductive
material can be used to form the top, the bottom, or any
number of the sides of the enclosure 150, or any combi-
nation thereof. In some embodiments, a majority of the
enclosure 150 1s made of the substantially thermally
conductive material. In some embodiments, only a rela-
tively small portion of the enclosure 1350 1s made of the
thermally conductive material. In some embodiments, a
substantial portion of the enclosure 150 1s made of the
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substantially thermally conductive material. In some
embodiments, multiple substantially thermally conduc-
tive materials can be used, with some areas of the enclo-
sure 150 being more thermally conductive than others.

The multi-laser system 100 includes a plurality of lasers
101, 102 and 103 enclosed within the thermally stable enclo-
sure 150. Although FIG. 1 includes three lasers, a different
number of lasers can be used. The plurality of lasers 101, 102,
103 may comprise of diode lasers, solid-state lasers, fre-
quency-doubled lasers or other types of lasers that produce
light useful 1n optical (e.g. fluorescent, spectroscopic) analy-
s1s. The multi-laser system 100 shown 1n FIG. 1 includes a
405nm laser, a 488nm laser and a 635nm laser, but other
common wavelengths of laser can be used (e.g. lasers having
wavelengths of 375nm, 440nm, S515nm, 561nm, 594nm,
640nm).

The plurality of lasers 101, 102, 103 output a plurality of
respective laser beams 104, 105 and 106. Laser beam 104 has
a first wavelength, laser beam 105 has a second wavelength,
and laser beam 106 has a third wavelength. The first, second
and third wavelengths are different {from one another. In FIG.
1, these wavelengths are 405nm, 488nm and 6335nm respec-
tively, but other common wavelengths can be used (e.g.
375nm, 440nm, 5135nm, 561nm, 594nm, 640nm).

As shown 1 FIG. 1, the multi-laser system 100 further
includes a plurality of automatic power control (APC) mod-
ules 107, 108 and 109. In some embodiments, the APC mod-
ules 107, 108 and 109 may each comprise a beamsplitter (not
shown) and a photodetector (not shown) configured to sample
light from the laser beams 104, 105 and 106 respectively, and
to feedback the signal from the detector in commumnication
with a laser controller (not shown) to adjust the output power
of lasers 101, 102 and 103 respectively. Other approaches
may be possible.

Referring still to FIG. 1, the multi-laser system 100 further
includes a beam positioning system comprising a plurality of
wavelength selective mirrors 110, 111, 112 and 113. In vari-
ous embodiments, the wavelength selective mirrors have sig-
nificantly different reflection or transmission properties at
different wavelengths. Accordingly, the wavelength selective
mirrors can separate or combine laser beams with different
wavelengths. Through the use of suitable optical coatings,
wavelength selective mirrors exhibit high reflection over
some range of wavelengths, and high transmission over
another range of wavelengths. The wavelength selective mir-
rors are appropriate for the wavelengths of the laser sources.
For example, various of the wavelength selective mirrors will
selectively reflect (or transmit) light of one laser and not light
of another laser. FIG. 1 depicts four wavelength selective
mirrors. In other embodiments, a different number of wave-
length selective mirrors may be used. In some embodiments,
the wavelength selective mirrors may comprise dichroic and
trichroic mirrors. Dichroic mirrors can separate or combine
lasers with two different wavelengths. Trichroic mirrors can
separate or combine lasers with three different wavelengths.
Trichroic mirrors may be optimized for three wavelengths;
they may have three peaks or one broad peak that covers
multiple wavelengths. In other embodiments, the wavelength
selective mirrors may comprise mirrors with selectivity for a
different number of wavelengths. Alternatively, substantially
non-wavelength selective mirrors that do not selectively
reflect (or transmuit) light of one laser and not light of another
laser may be inserted in the path of the beam to redirect and/or
alter the beam path or the beam. Similarly other optical ele-
ments can be mserted into the optical path.

The wavelength selective mirrors 110, 111, 112, and 113

are configured with highly reflective and anti-retlective
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coatings 1n accordance with the wavelengths of the plu-
rality of laser beams 104, 105 and 106. As shown i FIG.
1, wavelength selective mirror 110 1s configured to be
highly retlective of the wavelength of the laser beam 104
(e.g.405nm); wavelength selective mirror 111 1s config-
ured to be highly reflective of the wavelength of the laser
beam 104 (e.g. 405nm) and anti-retlective of the wave-
length of the laser beam 105 (e.g. 488nm); wavelength
selective mirror 112 1s configured to be highly reflective
of the wavelength of the laser beam 106 (e.g. 635nm)
and wavelength selective mirror 113 1s configured to be
highly reflective of the wavelength of the laser beam 106
(e.g. 635nm), and anti-retlective of the wavelengths of
the laser beams 104 (e¢.g. 405nm) and 105 (e.g. 488nm).
In other embodiments, the wavelength selective mirrors
can be configured to be highly reflective of some wave-
lengths and anti-reflective of some other wavelengths 1n
order to separate or combine the wavelengths as neces-
sary.

In some embodiments, this plurality of wavelength selec-
tive mirrors 110, 111, 112 and 113 may be supported by a
plurality of respective flexure mounts (not shown). Flexure
mounts are less likely to move with external vibrations and
thus are less likely to require adjustment. Flexure mounts
reduce 1mpact on the optics from shocks such as may be
introduced by shipping of the system. Additionally, flexure
mounts typically exhibit less hysteresis than rolling or sliding,
contacts. Flexure mounts are typically fabricated from mate-
rials which make them relatively less sensitive to temperature
variations. Flexure mounts may also be smaller than conven-
tional spring loaded mounts. In some embodiments, the flex-
ure mounts may comprise a nickel-iron alloy material for
example. Other materials may also be used. In other embodi-
ments, the plurality of wavelength selective mirrors 110, 111,
112 and 113 may be supported by a plurality of respective
spring-loaded mirror mounts (not shown).

In the multi-laser system 100 shown 1n FIG. 1, there are
three optical paths depicted. A first optical path at a wave-
length of 405 nm originates at laser 101, passes through the
APC 107, where a portion of the signal 1s picked off (e.g. by
a beam splitter), 1s then highly reflected at wavelength selec-
tive mirrors 110 and 111 and transmitted through wavelength
selective mirror 113 and then arrives at the focusing optics
117. Similarly, a second optical path at a wavelength of
488nm originates at laser 102, passes through the APC 108,
where a portion of the signal 1s picked off (e.g. by a beam
splitter), 1s then transmitted through wavelength selective
mirrors 111 and 113 and then arrives at the focusing optics
117. And, a third optical path at a wavelength of 635nm
originates at laser 103, passes through the APC 109, where a
portion of the signal 1s picked off (e.g. by a beam splitter), 1s
then reflected at wavelength selective mirrors 112 and 113
and then arrives at the focusing optics 117. Propagating along
these paths, laser beams 104, 105 and 106, which may have
originally been far from one another, are repositioned to be
closer together as beams 118, 119, 120. In some embodi-
ments, the beams 118, 119 and 120 are parallel to one another.
In other embodiments, the beams 118, 119 and 120 are not
parallel to one another. Other mirrors and optical components
(c.g. lenses, prisms, polarization rotators, waveplates, etc.)
can be included to alter the laser beams and/or optical paths.

Still referring to FIG. 1, the multi-laser system 100 further
includes beam focusing optics 117 to provide size reduction
and/or shaping to the output laser beams 118, 119, 120. For
example, the focusing optics 117 may focus a laser beam
down to a smaller spot. Additionally, the focusing optics 117
may change the shape of the laser beams. In some embodi-

10

15

20

25

30

35

40

45

50

55

60

65

6

ments, for example, the laser beams 118, 119 and 120 can
have a generally Gaussian profile, so that when 1lluminating a
flow cell, the intensity of the light 1lluminating the center of
the tlow cell 1s significantly greater than the intensity of the
light 1lluminating the peripheral edges of the flow cell.
Accordingly, the beams of light 118, 119, 120 can be ¢lon-
gated (e.g., elliptical) beams, so that the relatively high inten-
sity center regions of the light beams extend across the entire
width of the flow cell, while the relatively low intensity outer
regions of the light beams do not strike the flow cell. By using
an elongated (e.g., elliptical) beam of light, a more uniform
distribution of light across the width of the flow cell can be
achieved while illuminating a relatively small longitudinal
arca along the length of the tlow cell and maintaining sub-
stantially uniform high light intensity.

In some embodiments, the beams 114, 115 and 116 enter
the beam focusing optics 117 and can have circular cross-
sections with a Gaussian fall-off. In some embodiments, the
beam focusing optics 117 may include an anamorphic lens
system which may produce non-rotationally symmetric or
clongated beam such as a beam with elliptical cross-section
and spot size. In other embodiments, the beam focusing
optics 117 may include cylindrical lenses. In some embodi-
ments, the beam focusing optics 117 may include spherical
lenses. In some embodiment, the beam focusing optics 117
may include powell lenses (Gaussian to flat-top transiorm-
ers). In some embodiments, the beam focusing optics 117
may include aspherical lenses. The focusing optics may be
achromatic with reduced chromatic aberration thereby reduc-
ing positioning error which may otherwise result from differ-
ent color laser beams. Accordingly, achromatic anamorphic
optics, achromatic elliptical optics, achromatic spherical
optics and achromatic aspherical optics, may be used. In
some embodiments, lenses can be an anamorphic microlens
array. In some embodiments, refractive and/or diffractive
optics can be used to produce the elongated beams of light
118, 119, 120. Other types of optics are possible.

In cases where the laser comprises a semiconductor laser,
the laser beam output may already be elliptical-shaped, and
optics to convert the elliptical beam into a circular beam can
be substantially excluded. In such cases, there would be no
need to include anamorphic focusing optics to make the ellip-
tical-shaped beam spherical (e.g. rotationally symmetric).
Spherical or rotationally symmetric optics may be employed
without anamorphic elements.

The output laser beams 118, 119 and 120 depicted 1n FIG.
1 may have respective spot sizes of between about 55 um and
110 um 1n one direction and between about 5 um and 15 um
in the other direction. In other embodiments, the laser beams
may have respective spot sizes of between about 70 um and
110 um 1n one direction and between about 5 um and 15 um
in the other direction. In other embodiments, the laser beams
may have spot sizes of between about 355 um and 100 um 1n
one direction and between about 5 um and 15 um 1n the other
direction. In other embodiments, the laser beams may have
spot sizes of between about 70 um and 100 um 1n one direc-
tion and between about 5 um and 15 pum 1n the other direction.
These may correspond to major and minor axes of an ellipse
for a beam with an elliptical cross-section and spot shape. In
some embodiments, the output laser beams 118, 119 and 120
may have respective spot sizes of 80 um 1n one direction and
10 um 1n the other direction. In other embodiments, the output
laser beams 118, 119 and 120 may have respective spot sizes
of 100 um 1n one direction and 10 um 1n the other direction.
Other sizes and shapes are possible for the light beams.

Still referring to FIG. 1, the multi-laser system 100
includes coupling to a flow cell 132. The multi-laser system




US 7,903,706 B2

7

100 can include an output window 121 that allows the beams
oflight 118, 119 and 120 to exit the enclosure 150. The output
window 121 can be made from, fused silica, glass or acrylic or
a variety of other transparent materials (e.g. plastic). In some
embodiments, the enclosure 150 includes an aperture 122 1n
a wall thereof and the output window 121 comprises a trans-
parent window pane 124, positioned over the aperture 122.
The window pane 124 can be made from, fused silica, glass or
acrylic or a variety of other transparent materials (e.g. plas-
tic). The aperture 122 and window pane 124 can assume a
variety of shapes, but 1n some embodiments they are rectan-
gular, circular or elliptical. The window 121 can be attached
to the enclosure 150 by a plurality of fasteners such as bolts
126. In FIG. 1, only two bolts 126 are shown, but 1n some
embodiments, additional bolts can be positioned along the
edges of the window 121. In some embodiments, the window
121 can include a flange for mounting the window. The flange
may have a plurality of through holes through which fasteners
(e.g., bolts 126) can pass to secure the window 121 to the
enclosure 150. A seal 128 (e.g., an O-ring) can be positioned
between the enclosure 150 and the window 121. The bolts 126
can be tightened, causing the O-ring 128 to be compressed
between the enclosure 150 and the window 121. In some
embodiments, the O-ring 128 produces a hermetic seal. Other
approaches can be used to fasten the window 121 to the
enclosure 150. The window 121 can be secured to the enclo-
sure 150 by an adhesive, epoxy, or cement.

In some embodiments, the seal described may produce a
hermetic seal. A hermetic seal may help reduce particles and
contamination from outside the enclosure. A hermetic seal
may also help to prevent or reduce the flow of air currents and
thus prevent or reduce the flow of ambient temperature
changes into the enclosure. This in turn may help reduce
temperature 1nstability within the enclosure. In some of the
embodiments discussed above, the entire enclosure 150 1s
hermetically sealed from the ambient air. Thus, the interior of
the enclosure 150 1s 1solated from air currents which can
cause temperature variation, and the internal optical elements
are protected from external contaminants. In some embodi-
ments a getter (not shown) 1s located 1nside the enclosure 150
which can reduce contaminant particles or chemical species.
Additional, a desiccant (not shown) can be positioned 1nside
the enclosure 150 to reduce moisture.

Although FIG. 1 shows a single output window, multiple
output windows can be used. For example, each beam of light
118, 119, 120 can exit the enclosure 150 via a respective
output window. In some embodiments, 1t 1s desirable that as
much as possible of the enclosure 150 comprise the thermally
conductive material, to better achieve temperature unifor-
mity. Accordingly, the output windows can be separated by
thermally conductive material and can cover only as much
area as necessary to allow light beams 118, 119, 120 to leave
the enclosure 150. However, in some embodiments a single
output window 1s easier and less expensive to construct.

The multi-laser system 100 can include a flow cell connec-
tor (not shown) that 1s mechanically and thermally coupled to
the enclosure 150, and the flow cell connector 1s configured to
secure a tlow cell 132 so that 1t intersects and maintains the
alignment of the beams of light 118, 119, 120. In some
embodiments, the flow cell connector can permanently attach
the flow cell 132 to the enclosure 150. However, 1n some
embodiments, the flow cell connector can allow the flow cell
132 to be removably attached to the enclosure 150. In some
embodiments, the flow cell connector can be compatible with
multiple types and/or sizes of flow cells. For example, the
tlow cell connector can include a clip, a friction or pressure {it
coupling, a threaded portion configured to receive a corre-
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sponding threaded portion of the flow cell 132, or a variety of
other connectors known 1n the art or yet to be devised. The
flow cell 132 can be a capillary tlow cell, and at least part of
the flow cell can comprise a transparent material (e.g., fused
silica or glass) that allows the light beams 118, 119, 120 to
enter the flow cell 132 and interact with a sample fluid con-
tained within the flow cell 132. The tflow cell 132 can be a thin
hollow tube, forming a tlow path that has a diameter of about
10 um. Other tlow cell types and/or si1zes can be used, and the
flow cell 132 can be oniented ditferently than as shown 1n FIG.
1. In some embodiments, the beams of light 118, 119, 120
strike the tflow cell over areas centered about 110 um to 140
uwm apart from each other, and 1n some embodiments, 125 um
apart from each other. In some embodiments, the thermally
stable enclosure 150 matches the thermal expansion coelli-
cient of the flow cell 132. Matching of thermal expansion
coellicients may help reduce overall stress on the flow cell.
For some forms of optical measurements, 1t may be desirable
for the different laser beams to be focused to different loca-
tions 1n the flow cell 132 at specific locations (e.g., areas
spaced about 125 um apart).

FIG. 2 depicts the front view of the multi-laser system 100
depicted in FIG. 1. As described above, in some embodi-
ments, the thermally stable enclosure 250 1s hermetically
sealed. The hermetic sealing may be provided by O-rings 233.
Again, hermetically sealing can reduce particles and con-
tamination from outside the enclosure. Moreover, as
described above, a hermetic seal may also reduce or prevent
the flow of air currents and thus prevent or reduce the flow of
ambient temperature changes into the enclosure. This 1n turn
may reduce temperature instability within the enclosure. In
some embodiments, the top of enclosure 250 may be ther-
mally coupled, possibly with a copper braid, to the main body
ol the enclosure 250 to reduce thermal elfects.

As shown 1 FIG. 2, the multi-laser system may further
comprise a temperature controller 252. In some embodi-
ments, the temperature controller 252 may comprise a thermo
clectric cooler (TEC), a temperature sensor and control elec-
tronics. The TEC may pump heat from one side to the other
depending on the direction of current tlow through the TEC.
The direction of current flow may be determined by the con-
trol electronics. In some embodiments, for example, if the
ambient temperature were higher than the enclosure 250°s set
point temperature then the control electronics may direct
current flow through the TEC so that heat was pumped out of
the enclosure 250 thereby helping maintain the enclosure’s
set point temperature. In other embodiments, 11 the ambient
temperature were lower than the enclosure 250°s set point
temperature, then the control electronics may reverse the
current flow through the TEC so that heat was pumped into
the enclosure 250 again helping maintain the enclosure’s set
point temperature. A temperature controller 252 can be ther-
mally coupled to the thermally stable enclosure 250. The
temperature controller 252 can 1nclude a temperature sensor
(not shown) to measure the temperature of the thermally
stable enclosure 250, and to provide feedback to the control
clectronics. In some embodiments, the temperature sensor
may comprise a thermistor. The temperature controller 252
may remove heat from or add heat to the thermally stable
enclosure 250 1n order to maintain a substantially constant
temperature in the thermally stable enclosure 250. The high
thermal conductivity of the matenial of the enclosure 2350
helps the temperature controller to relatively quickly adjust
the temperature within the enclosure 250 1n response to tem-
perature variations outside of the enclosure 250 and also
reduce the presence ol temperature variations across the
enclosure 250.
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As shown in FIG. 2, the multi-laser system may also com-
prise a baseplate 260. The baseplate 260 may act as a thermal
heat sink for the temperature controller 252.

In some embodiments, the temperature within the ther-
mally stable enclosure 250 can be held stable to within £1° C.,
+2° C., £3° C., £5° C,, etc., for example, of a target tempera-
ture. In some embodiments, the temperatures of the wave-
length selective mirrors and the focusing optics can be held to
be within +1° C., £2° C., £3° C., £5° C., etc. of one another.
In some embodiments, the temperature over a substantial
portion of the enclosure can be held to be within £1° C., £2°
C.,£3°C., £5°C,, etc. In some embodiments, the temperature
over the entire enclosure can be held to be within £1° C., £2°
C., £3° C., £5° C,, etc., for example, of a target temperature.
In some embodiments, the temperature within the enclosure
can be held to be within+1°C., £2°C., 43°C., £5°C., etc., for
example, of a target temperature. In some embodiments, the
temperature within the thermally stable enclosure 250 can be
held within £1° C. of the target temperature. In some embodi-
ments, the target temperature can be between 10° C. and 50°
C. In some embodiments, the target temperature can be
between about 15° C. and 45° C. In other embodiments, the
target temperature can be between about 15° C. and 35°C. In
other embodiments, the target temperature can be between
about 10° C. and 40° C. The temperature controller 252 also
maintains the focused laser beams aligned with respect to the
flow cell over a wide range of ambient temperatures. In some
embodiments, the range of ambient temperatures can be
between 10° C. and 50° C. In some embodiments, the range of
ambient temperatures can be between about 15° C. and 45° C.
In other embodiments, the range of ambient temperatures can
be between about 15° C. and 35° C. In other embodiments, the
range ol ambient temperatures can be between about 10° C.
and 40° C.

FI1G. 2 also depicts that the three lasers 201, 202, and 203
may be placed at different heights within the enclosure 250.
The placement at different heights may assist in positioning
the focused laser beams at a desired spacing from one another
at the tlow cell. By disposing the lasers at different heights,
the focused beams at the flow cell may be separated by
between about 110 um and 140 um of one another. The
wavelength selective mirrors, however, can additionally be
adjusted to account for the impertection 1n laser positions that
may result, for example, from manufacturing tolerances.
Accordingly, the wavelength selective mirrors may establish
better positioning of the beams directed onto the flow cell.

FIG. 3 depicts the side view of the multi-laser system 100
depicted in FIG. 1. FIG. 3 also shows the placement of the
lasers at different heights. The thermally stable enclosure 350
comprises wavelength selective mirrors 310, 311, 312 and
313 that are configured to adjust the position of the plurality
of laser beams 314, 315 and 316 to be at a certain distance of
one another, 1n addition to the spacing adjustment that may be
provided by placing the lasers at different heights within the
enclosure 350. In some embodiments, the laser beams can be
positioned to be coaxially, slightly offset but parallel to each
other or slightly ofiset but not parallel to each other. In some
embodiments, the plurality of focused laser beams 318, 319
and 320 may be separated by about 110 um and 140 um of one
another. In some embodiments, the plurality of focused laser
beams 318, 319 and 320 may be positioned to be at a distance
of about 125 um of one another.

Ascanbeseen in FI1G. 3, the thermally stable enclosure 350
comprises a top, a bottom, and four sides. In some embodi-
ments, the thermally stable enclosure 350 has a width of about
3 inches or less, a length of about 6 inches or less, and a height
of about 2 inches or less. In other embodiments, the length,
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the width and the height of the thermally stable enclosure 350
may be relatively larger or smaller. In some embodiments, the
thermally stable enclosure 350 has a volume of 36 cubic
inches or less. With arelatively small volume, the temperature
controller 1s better able to adjust the temperature of the enclo-
sure and system 1n response to variations 1n ambient tempera-
ture. The temperature controller 1s thus able to avoid temporal
variations in temperature induced by fluctuation in ambient
conditions. Similarly the relatively small volume may reduce
temperature instabilities within the enclosure 350 by reduc-
ing temperature gradients across the enclosure 330. In other
embodiments, the volume of the thermally stable enclosure
350 may be relatively larger or smaller. Also shown 1n FIG. 3
1s the flow cell connection 330, described above.

Reterence throughout this specification to “some embodi-
ments,” “certain embodiments,” or “an embodiment” means
that a particular feature, structure or characteristic described
in connection with the embodiment 1s 1ncluded 1n at least
some embodiments. Thus, appearances of the phrases “in
some embodiments” or “in an embodiment™ 1n various places
throughout this specification are not necessarily all referring
to the same embodiment and may refer to one or more of the
same or different embodiments. Furthermore, the particular
features, structures or characteristics may be combined 1n any
suitable manner, as would be apparent to one of ordinary skill
in the art from this disclosure, 1n one or more embodiments.

As used 1n this application, the terms “comprising,”
“including,” “having,” and the like are synonymous and are
used inclusively, in an open-ended fashion, and do not
exclude additional elements, features, acts, operations, and so
forth. Also, the term “or” 1s used 1n its inclusive sense (and not
in 1ts exclusive sense) so that when used, for example, to
connect a list of elements, the term “or”” means one, some, or
all of the elements 1n the list.

Similarly, 1t should be appreciated that in the above
description of embodiments, various features are sometimes
grouped together 1n a single embodiment, figure, or descrip-
tion thereot for the purpose of streamlining the disclosure and
aiding 1n the understanding of one or more of the various
inventive aspects. This method of disclosure, however, 1s not
to be mterpreted as reflecting an intention that any claim
require more features than are expressly recited in that claim.
Rather, inventive aspects lie 1n a combination of fewer than all
features of any single foregoing disclosed embodiment.

Although the inventions presented herein have been dis-
closed 1n the context of certain preferred embodiments and
examples, 1t will be understood by those skilled 1n the art that
the inventions extend beyond the specifically disclosed
embodiments to other alternative embodiments and/or uses of
the inventions and obvious modifications and equivalents
thereof. Thus, 1t 1s intended that the scope of the 1inventions
heremn disclosed should not be limited by the particular
embodiments described above.

What 1s claimed 1s:

1. A compact, thermally stable multi-laser system, com-
prising;:

a plurality of lasers outputting a plurality of respective laser

beams;

a beam positioning system configured to position the plu-
rality of laser beams closer together;

beam focusing optics configured to focus the plurality of
laser beams;

a thermally stable enclosure enclosing the plurality of
lasers, the beam positioning system, and the beam focus-
ing optics, and configured to thermally and mechani-
cally couple to a flow cell, said thermally stable enclo-
sure substantially comprising a material with high
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thermal conductivity of at least 5 W/(m K), and having a
volume of 36 cubic inches or less; and

a temperature controller configured to control a tempera-

ture of said enclosure and tlow cell and to align the
focused laser beams to the flow cell over a range of
ambient temperatures.

2. The system of claim 1, wherein the plurality of lasers
comprises at least one diode laser.

3. The system of claim 1, wherein the plurality of lasers
comprises at least one solid-state laser.

4. The system of claim 1, wherein the plurality of lasers
comprises at least one frequency-doubled laser.

5. The system of claim 1, wherein the plurality of laser
beams comprises at least a first laser beam at a first wave-
length, a second laser beam at a second wavelength, and a
third laser beam at a third wavelength, said first, second and
third wavelengths being different from one another.

6. The system of claim 1, wherein the beam positioning
system comprises a plurality of dichroic and trichroic mirrors.

7. The system of claim 6, further comprising a plurality of
flexure mounts supporting the plurality of dichroic and trich-
ro1C MIrrors.

8. The system of claim 6, wherein the dichroic and trichroic
mirrors are configured with highly reflective and anti-reflec-
tive coatings in accordance with the respective wavelength of
the plurality of laser beams.

9. The system of claim 6, wherein the dichroic and trichroic
mirrors are configured to position at least two of the plurality
of laser beams substantially coaxially, offset but parallel to
cach other or offset but not parallel to each other.

10. The system of claim 9, wherein the focused laser beams
have centers separated by between about 110 um and 140 um
ol one another at the flow cell.

11. The system of claim 1, further comprising an automatic
power control module for each laser of said plurality of lasers.

12. The system of claim 11, wherein the automatic power
control module comprises a beam splitter and photodetector
configured to sample light from the laser beam of each laser
and to provide feedback to a laser controller to adjust each
laser output power.

13. The system of claim 1, wherein the beam focusing
optics includes an achromatic and anamorphic lens system to
provide an output laser beam with an elliptical shape.

14. The system of claim 1, wherein the beam focusing
optics includes an achromatic cylindrical lens to provide an
output laser beam with an elliptical shape.

15. The system of claim 1, wherein the beam focusing
optics includes an achromatic spherical lens to provide an
output laser beam with an elliptical shape.
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16. The system of claim 1 further comprising polarization
rotators or waveplates which may be used to rotate the laser
beam polarization to obtain a laser beam polarization orien-
tation with respect to the laser beam geometry that enhances
system performance.

17. The system of claim 1, wherein the beam focusing
optics includes an anamorphic prism system to provide an
output laser beam with an elliptical shape.

18. The system of claim 1, wherein the focused laser beams
have respective spot sizes of between about 70 um and 110
uwm in one direction.

19. The system of claim 1, wherein the focused laser beams
have respective spot sizes of between 6 um and 14 um in one
direction.

20. The system of claim 1, wherein the material with high
thermal conductivity comprises copper.

21. The system of claim 1, wherein the material with high
thermal conductivity comprises copper tungsten material.

22. The system of claim 1, wherein the material with high
thermal conductivity comprises aluminum material.

23. The system of claim 1, wherein the thermally stable
enclosure comprises a top, a bottom and four sides.

24. The system of claim 1, wherein the thermally stable
enclosure maintains a temporal temperature variation of less
than about 1° C. within the enclosure.

25. The system of claim 1, wherein the thermally stable
enclosure has a width of about 3 1nches or less.

26. The system of claim 1, wherein the thermally stable
enclosure has a length of about 6 inches or less.

277. The system of claim 1, wherein the thermally stable
enclosure has a height of about 2 inches or less.

28. The system of claim 1, wherein the thermally stable
enclosure 1s hermetically sealed.

29. The system of claim 1, wherein the thermally stable
enclosure matches the thermal expansion coelficient of the
flow cell.

30. The system of claim 1, wherein the temperature con-
troller comprises a thermal electric cooler, a temperature
sensor and control electronics.

31. The system of claim 1, wherein the range of ambient
temperatures 1s between about 10° C. and 40° C.

32. The system of claim 1, wherein the relative heights of
the lasers 1n the enclosure assists 1n the relative positioning of
the focused laser beams at the flow cell.

33. The system of claim 1, wherein the focused laser beams
have centers separated by between about 110 um and 140 um
ol one another at the flow cell.
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